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An overarching desire to harness natural biological principles for biotechnological applications has driven synthetic biology towards the creation of cells with completely synthetic genomes 1 or genetic polymers 2 , synthetic organisms with hybrid cellular and polymeric structures 3 , synthetic in vitro systems 4 , and artificial cells with synthetic components [5] [6] [7] [8] [9] [10] [11] [12] . These synthetic and hybrid systems have tremendous potential for novel applications in the discovery of fundamental biological principles 13 , therapeutic treatment 14 , and bioenergy production 15 as they enable more precise control and predictive modeling of the systems by minimizing cellular components. However, while reducing the complexity of the systems allows more precise control of the reaction environment, it also has the potential to eliminate features of the cellular micro-environment that are important for the robust functioning of genetic circuits. One key distinguishing feature between living cells and prevailing artificial cellular systems is the density of molecules around cellular components, which is an under-appreciated, yet an important factor in the regulation of cellular dynamics 16, 17 .
Molecular crowding is a natural state of cells in which their intracellular environments are densely packed with macromolecules 18, 19 (Fig. 1a ). This crowding is absent in solutionbased chemistry approaches that are typically used in synthetic genetic systems. Molecular crowding can cause volume exclusion effects that reduce diffusion rates and enhance binding rates of macromolecules 20 , which lead to fundamental impact on cell functions such as the optimum number of transcription factors 21 , the dynamical order of metabolic pathways 22 , and nuclear architecture 23 . However, the impacts of molecular crowding on dynamics of gene circuits and the consequences for their activity in heterologous environments have not been established. It remains elusive whether molecular crowding can increase the robustness of gene expression towards perturbations of genetic microenvironments. Furthermore, there have been tremendous controversies regarding whether molecular crowing could indeed impact cellular activities [24] [25] [26] . Answers to these fundamental questions would enable more precise control of synthetic gene circuits in artificial systems, provide a bridge between in vitro and in vivo systems 24 , and facilitate predictive approaches for both synthetic and natural biological systems.
Molecular crowding impacts the diffusion of T7 RNA polymerase
To investigate the impact of molecular crowding on gene expression, we used genetic components from phage T7 due to their well-characterized kinetics and functions in synthetic systems ( Supplementary Fig. 1 ). We quantified interactions between T7 RNA polymerase (RNAP) and DNA in the presence of crowding agents because molecular crowding can increase excluded volumes, which would affect large molecules more significantly than small molecules 19 . To visualize the response, we constructed a red fluorescent protein (RFP)-T7RNAP fusion RNA polymerase that transcribed a cyan fluorescent protein (CFP) from a P T7 promoter ( Supplementary Fig. 2a-b and Supplementary Information (SI)).
Since transcriptional activities are sensitive to the diffusion of macromolecules 21 , we first focused on diffusion dynamics of T7 RNAP in different crowding environments outside of the artificial cell environment. We modulated crowding molecular size because a previous work has suggested that natural cells could use crowding molecules as molecular sieves to filter molecules and modulate system dynamics 27 . Specifically, we performed fluorescence recovery after photobleaching (FRAP, Supplementary Fig. 3 , Supplementary Movie 1) using either small (6x10 3 g/mol, Dex-Small) or big (2x10 6 g/mol, Dex-Big) dextran polymers (Fig.  1b&c) . These molecules are commonly used as inert molecules that mimic crowded intracellular environments, but do not react with the systems of interest 28 . We found that initial recovery rates of mobile RFP-T7RNAP were significantly reduced by increasing densities of both Dex-Small and Dex-Big (Fig. 1b and Supplementary Fig. 3b ). This result suggests that diffusion of the mobile fraction of RFP-T7RNAP were affected by the crowding molecules. Both Dex-Small and Dex-Big also resulted in higher immobile fractions of RFP-T7RNAP with increasing crowding densities (Fig. 1c) . Based on existing diffusion models 29 , the increased immobile fractions are likely due to increased subdiffusion fractions of RFP-T7RNAP in crowded environments, in which the polymerase explores a smaller space than predicted by classical Brownian dynamics. Therefore, our findings suggest that both Dex-Small and Dex-Big reduced the diffusion of RFP-T7RNAP.
Molecular crowding impacts the binding of the T7 RNAP to a T7 promoter
In addition to diffusion of macromolecules, gene transcription is sensitive to the binding between transcription factors and promoters 30, 31 , which was requisite to understand the impact of molecular crowding on gene expression. To measure the binding between RFP-T7RNAP and a P T7 promoter, we built on our FRAP experiments and conjugated biotinylated-Cy3-P T7 DNA molecules onto PEG-surfaces through avidin-biotin linkages ( Supplementary Fig. 4 ). When Cy3-P T7 was immobilized on the surface, RFP-T7RNAP would freely diffuse in the chamber and bind to P T7 on the surface. We used this approach 30 to measure co-localization of RFP-T7RNAP with Cy3-P T7 , which would suggest that there was binding between them (Fig. 1d, Supplementary Fig. 5a , Supplementary Movie 2). We expected that a decreased dissociation rate constant would shift the mean of bound time distribution to a higher bound time and an increased association rate constant would increase detected binding events at low bound time. With Cy3-P T7 , 10% Dex-Big significantly increased the number of binding events by ~100% compared to the control (0.2% Dex-Big) (Fig. 1e) , suggesting an increased association rate constant. 10 %Dex-Big also increased the mean of the bound time distribution by ~100ms compared to the control (0.2% Dex-Big), suggesting a decreased dissociation rate constant. In contrast, 10% Dex-Small only increased the number of binding events by ~25% compared to the control (0.2% Dex-Small). These observations suggest that Dex-Big decreased dissociation rate constants and increased association rate constants between T7 RNAP and P T7 more significantly than Dex-Small, which is consistent with a general theory of molecular crowding that suggests a larger enhancement of molecular binding by large crowding molecules than small crowding molecules 20 . Using a control DNA without the P T7 promoter, co-localization of RFP-T7RNAP with Cy3 was negligible ( Supplementary  Fig. 5b ), suggesting that the observation was not due to non-specific interactions between T7 RNAP and either the PEG surface or DNA.
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Molecular crowding impacts gene expression dynamics
To gain insight into connections between microscopic dynamics observed using single molecule imaging and gene expression dynamics, we created a parsimonious model based on previous models of molecular crowding 17 and qualitative results obtained from the FRAP and single molecule experiments (SI, Fig. 2a & Supplementary Fig. 6 ). Based on the model, we first predicted expression dynamics of a genetic module with a native P T7 promoter that regulates the expression of a cyan fluorescent protein (CFP) as a reporter of gene expression (Fig. 2b) . Our model predicts that a small crowding molecule would result in a biphasic response, where gene expression rates would first increase with increasing crowding densities, but then would decrease after a specific crowding density (Fig. 2c , black line). The biphasic response arises because Dex-Small only increased the number of binding events by ~25% (Fig. 1e ), but significantly reduced the diffusion of T7RNAP (Fig. 1b&c) . The predicted biphasic dynamic response was indeed observed with our cell-free expression system, which consisted of an S12 bacterial extract, a S12 supplement, and Dex-Small (Fig.  2c , black squares & SI). The cell-free expression system is a synthetic system that couples both transcription and translation and has been used to create artificial cells 13 . In contrast, both our model and experiments show that Dex-Big caused a monotonic increase of gene expression rates with increasing crowding densities ( Fig. 2d and Supplementary Fig. 7 ) because Dex-Big significantly increased the association rate constant and reduced the dissociation rate constant between T7RNAP and P T7 promoter (Fig. 1e) . Additional tests using alternative crowding agents, including Ficoll 400 (400x10 3 g/mol), PEG-100k (100x10 3 g/mol), and PEG8000 (8x10 3 g/mol), suggested that the size-dependent impact of molecule crowding on gene expression rates is likely a generic phenomenon ( Supplementary  Fig. 8a) . Specifically, the size of Ficoll-400 is approximately the same as the size of DexBig and resulted in monotonically increasing expression rates; PEG-8000, a small crowding molecule, caused biphasic expression rates; and PEG-100k, a crowding molecule with an intermediate size, significantly increased gene expression rates as compared to PEG8000. Similar to the observed impact of molecular crowding on dynamics of nuclear proteins in heterochromatin 32 , our results suggest that molecular composition of genetic microenvironments can distinctly modulate gene expression rates.
To respond to changing environments, natural cells could couple crowding densities with both promoters and ribosomal binding sites (RBS) to modulate gene expression rates 33 . To investigate this link between genetic components and molecular crowding, we constructed two additional genetic modules, with either a weak P T7 promoter (P T7,weak ) or a weak RBS (RBS weak ) (Fig. 2b) , which resulted in lower gene expression rates ( Supplementary Fig. 8b) . Previous studies have also demonstrated that these genetic components exhibit higher dissociation rate constants 34, 35 between T7 RNAP and P T7 and ribosome and RBS as compared to the components used in the original module (Fig. 2b) . Based on the kinetic information, mathematical modeling predicts that these modules would result in higher fold changes in gene expression rates with increasing crowding densities as compared to the base module (Fig. 2d) , which arises due to faster decrease in dissociation constants of macromolecules and their respective binding sites with increasing crowding densities. Consistent with our model predictions, gene expression rates of both P T7,weak and RBS weak increased more than those of the base module with increasing crowding densities (Fig. 2d) .
Molecular crowding increases the robustness of gene expression
Molecular crowding is a cellular feature that has been maintained throughout evolution 36 , suggesting that molecular crowding could be essential in maintaining robustness of system dynamics, which is a hallmark of biological systems. To allow for a more systematic assessment of this hypothesis than would be possible experimentally, we first created two parameter sets using the same mathematical model, each representing either a low or a high crowding environment. Next, we used computer simulations to emulate perturbations of these base models by randomizing their kinetic constants within 10-fold of their base values (SI). The changes in gene expression rates of perturbed models as compared to the base models are quantified as "fold perturbations" to estimate robustness of the systems (Fig. 3a) : a high absolute value indicates a significant perturbation to a system. The fold perturbations are approximately zero in highly crowded conditions. In contrast, in a low crowding environment, fold perturbations are non-zero, showing that the system is more sensitive to the parameter perturbations. These simulation results suggest that molecular crowding may support the robustness of gene expression in natural cells. Furthermore, these results are consistent with simulation results of a stochastic model that includes intrinsic noise (SI & Supplementary Fig. S9a) .
We tested the impact of molecular crowding on system robustness experimentally by changing concentrations of potassium, magnesium, ammonium, spermidine, and folinic acid (Fig. 3b) in cell-free expression systems. These chemicals modulate both stability and binding of macromolecules 37 . Our experimental results show that a low crowding environment (0.2% Dex-Big) resulted in higher perturbations of gene expression relative to a highly crowded environment (10% Dex-Big) for magnesium, ammonium, and spermidine. Furthermore, we tested if the robustness of gene expression could be fine-tuned using intermediate crowding densities. We observed that ammonium indeed caused a monotonic decrease in fold perturbations with increasing crowding densities ( Supplementary Fig. 9b ).
A negative feedback loop modulates the impact of molecular crowding on gene expression
In addition to genetic elements, gene circuit dynamics are known to be modulated by negative feedback loops, which are the most ubiquitous motif in natural gene circuits 38 , likely due to their noise reduction and auto-regulatory roles. Here, we tested if molecular crowding can modulate gene expression of a negative feedback loop. To gain insight into interactions between feedback loops and molecular crowding, we simulated expression dynamics of a negative feedback loop that consisted of a T7 lysozyme that binds to T7 RNA polymerase and inhibits T7 RNAP transcription activities (Fig. 3c) . We assume that binding between T7 RNAP and P T7 would be enhanced at a smaller crowding density relative to the binding between T7 RNAP and T7 Lysozyme, which is based on existing theories of molecular crowding 20 . As a result, our model predicts that the negative feedback loop would cause biphasic expression rates in environments with large crowding molecules (Fig. 3d, black line) . Our experimental results support the model prediction as expression rates were maximized at 8% crowding density (Fig. 3d, black squares) . We note that this was not due to increased metabolic burden in the expression systems ( Supplementary Fig. 10a ). To further corroborate our model, we investigated the impact of a reduced T7 RNAP concentration on gene expression rates. Based on our model, we expected similar biphasic gene expression rates with a negligible shift in the crowding density that maximizes gene expression rates ( Supplementary Fig. 10b, black line) . To test the prediction, we modulated the amount of T7RNAP by controlling the ratio of cell free expression systems that either contains T7 RNAP or does not contain T7 RNAP, which resulted in a 75% reduction of gene expression rates. Based on this system, we observed the same biphasic gene expression rates with a maximum rate at 8% crowding density ( Supplementary Fig. 10b, black squares) .
Reaction volumes modulate the impact of molecular crowding on gene expression
In natural cells, compartmentalization is the hallmark for creating unique functional units such as in Golgi, nucleus, and mitochondria. Based on our results with cell free systems, we hypothesized that crowding could similarly affect gene expression in physiologicallyrelevant volumes. To test this hypothesis, we constructed artificial cells that consist of phospholipid membranes, synthetic expression systems, and a genetic construct (Fig. 4a &  Supplementary Fig. 11 ). We created artificial cells of different radii ranging from 100nm-10μm that expressed green fluorescent proteins (GFP) using a genetic construct. To ensure that GFP was expressed inside artificial cells, we added RNAse to inhibit RNA synthesis outside artificial cells (Fig. 4b & S12a) .Without liposomes, RNAse inhibited GFP expression (Fig. 4b) ; with liposomes that protect the enclosed volumes, RNAse did not inhibit GFP expression. Next, we investigated the influence of cell volume on the impact of molecular crowding. Specifically, we used the integrated intensity of a Cy5 fluorescent dye inside artificial cells as a surrogate of encapsulation volume ( Supplementary Fig. 12b-d) 39 . Based on our results using cell-free expression systems that essentially resulted in semiinfinite reaction volumes, we expect that molecular crowding would exert a larger impact on gene expression in large volumes as compared to small volumes. Indeed, we observed that Dex-Big increased GFP expression in artificial cells of large volumes as compared to artificial cells without Dex-Big (Fig. 4c , fluorescence intensity of Cy5>2000a.u. & Supplementary Fig. 12e ). This is likely due to reduced reaction rates in large volumes without molecular crowding. As the size of artificial cells decreased, GFP levels in artificial cells with Dex-Big approached GFP levels of artificial cells without Dex-Big. These findings indicate that in our synthetic cellular systems, compartmentalization and crowding can play essential roles in controlling gene expression, factors that need to be considered in both mimicking genetic systems for applications in synthetic biology and accurately modeling cellular biochemistry for systems biology.
Discussion
In this study, we demonstrated that molecular crowding increases robustness of gene expression and that molecular crowding can be harnessed for the control of a basic genetic construct in artificial cells. We have also shown the impact of molecular crowding on the dynamics of T7 RNAP and how the influence of molecular crowding on gene expression rates can be modulated using genetic components, a negative feedback loop, and the size of crowding molecules. Our results suggest that the construction of both in vitro circuits 4 and programmable artificial cells 13 would have to take into account molecular crowding effects, which would be important in modulating system dynamics. Our findings underscore how scientists could harness molecular crowding for developing advantages in engineered cell functions such as gene expression, metabolic pathways, and cellular computing. For natural systems 36 , our conclusions with respect to the impact of molecular crowding sizes, strength of genetic components, and network architectures could potentially explain how gene circuit dynamics are modulated by changing environments. Our studies would also impact in vitro studies of gene expression and their extension to in vivo environments that are crowded with molecules. As we move towards a bottom up and a priori approach of constructing either artificial cells or cells with completely designed genomes, it is critical to understand the impact of crowded environments on system robustness and then exploit these design principles to our advantage just as natural cells have already accomplished. Furthermore, systems biology has begun to take advantage of synthetic cellular systems as high throughput methods to characterize interactions between cellular components 40 . In this context, it is critical to understand how molecular crowding can fundamentally impact interactions between cellular components and generate emergent dynamics that cannot be predicted or controlled without considering molecular crowding.
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Refer to Web version on PubMed Central for supplementary material. Three genetic modules were constructed to study the impact of genetic elements on crowding effects. The first module is a base module that has the wildtype genetic components. The second and third modules have either a weaker T7 promoter or a weaker ribosomal binding site (RBS). c. Gene expression rates in environments containing small crowding molecules. Both modeling (black line) and experimental (open black squares) results show that, gene expression rates exhibited a biphasic response with increasing densities of Dex-Small. A paired t-test shows that gene expression rates at 1% density are significantly higher than gene expression rates at both 0.2% density (p-value=0.02) and 10% density (pvalue=0.0008). Each error bar indicates one SEM of at least four replicates. Each gene expression rate was normalized by the basal rate with 0.2% crowding molecules. d. Gene expression rates in environments containing big crowding molecules. Our model predicts that a big crowding molecule would increase gene expression rates (black line) and that a weaker genetic component (Fig. 2b) would result in a higher fold increase of gene expression rates (grey line). Consistent with the predictions, gene expression rates increased with increasing densities of Dex-Big (open triangles). With either a weak T7 promoter (pT7 weak , filled black squares) or a weak RBS (RBS weak , open black squares), gene expression rates increased more significantly than with the wild-type module (WT, open triangles). A paired t-test shows that for each molecular densities (≥1%), normalized gene expression rates of both pT7weak and RBSweak modules are significantly higher than normalized gene expression rates of the wild-type module (p-value<0.04). Each error bar indicates one SEM of at least five replicates. In contrast, the low crowding environment resulted in significant perturbation of the system (top panel). See SI and Eq. S11 for detailed model description. b. Fold perturbation of gene expression rates using five chemicals. The system was perturbed by changing concentrations of potassium glutamate, magnesium acetate, ammonium acetate, spermidine, and folinic acids. Consistent with our model predictions, gene expression rates were less perturbed in a highly crowded environment than in a low crowded environment. Grey bars represent low crowding environments without Dex-Big. Black open bars represent high crowding environments with 10% Dex-Big. Each error bar indicates one SEM of four replicates. c. Schematic of interactions between molecular crowding and a negative feedback loop. A negative feedback loop was constructed by using a T7 lysozyme that binds to T7 RNAP and inhibits transcription from the P T7 promoter. Molecular crowding could impact both the binding of T7 RNAP to the promoter and the binding between T7 RNAP and T7 Lys (grey dotted lines). d. Gene expression rates of a negative feedback loop with increasing crowding densities. Both modeling (black line) and experimental (open squares) results show that the negative feedback circuit generated a biphasic response of gene expression rates that peaked at 8% Dex-Big (open squares). A t-test shows that gene expression rates at 8% density are significantly higher than gene expression rates at both 0.2% density (p-value=0.003) and
